Introduction
============

As an important livestock, the domestic pig has been widely studied over the last decade. Many genetically engineered pigs have been generated to improve production yield, growth efficiency, and disease resistance.^[@bib1],[@bib2],[@bib3]^ Moreover, pigs were also modified to produce disease models and used as organ donors for xenotransplantation because they share similar genetic, physiological, and anatomical features with human.^[@bib4]^ Swine models are important for providing valuable preclinical data of new therapeutic strategies and deciphering the pathogenesis of human disease. Historically, genetically modified pigs were generated either via random integration^[@bib5]^ or conventional homologous recombination.^[@bib6]^ However, random insertions often cause variable expression levels of the transgene,^[@bib7]^ whereas conventional HR targeting is extremely inefficient,^[@bib8]^ and the insertion of antibiotic selection cassettes has raised concern about their clinical prospects.

Recently, the rapid development of custom endonucleases, such as Zinc Finger Nucleases (ZFNs), Transcription activator-like effector nucleases (TALENs) and especially, the recent clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) technology, has opened a new era for site-specific genome editing. Zygote microinjection of Cas9/gRNA has been shown to be an efficient strategy for generating gene knockout pigs.^[@bib9],[@bib10]^ On the other hand, CRISPR-mediated gene editing in porcine fetal fibroblasts (PFFs), combined with somatic cell nuclear transfer (SCNT), could also produce gene knockout pigs with a high efficiency.^[@bib11],[@bib12]^

Numerous pathogenic point mutations have been identified in traditional genetic studies. Furthermore, genome-wide association studies, a new tool for identifying genetic variants, have successfully identified thousands of disease-associated single-nucleotide polymorphisms. Swine models can be a powerful tool for elucidating the pathogenic effect of these variants. However, gene-edited pigs harboring subtle modifications were rarely reported despite the advent of programmable endonucleases. Recently, efficient site-specific knockin of human cDNA^[@bib13]^ and defined base substitution^[@bib14]^ were achieved in pigs through CRISPR/Cas9-induced HDR in zygotes. Although direct zygote injection appears to be a simple and popular strategy for generating knockin pigs, it is limited by technical challenges such as undesired mosaic^[@bib13],[@bib14],[@bib15]^ and unpredictable HDR frequency.^[@bib16]^ In contrast, SCNT enables a high rate of obtaining transgenic animals via selecting positive donor cells prior to the cloning procedure and no mosaic occurs. Therefore, CRISPR-mediated HDR in PFFs, in combination with SCNT, can be another important strategy for the generation of genetically engineered pigs harboring defined point mutations.

We had previously reported the CRISPR-mediated gene targeting in pigs,^[@bib12]^ and the high knockout level encouraged us to extend its application to precise genetic modification. In this study, efficient ssODN-mediated point mutations were achieved at three different loci in PFFs. Interestingly, both the complete HDR and partial HDR were found in single-cell colonies, and the effect of the mutation-to-cut distance on incorporation rate was investigated. Finally, we generated one cloned piglet carrying the orthologous p.C313Y mutation via SCNT and no off-target mutation was detected among potential sites.

Results
=======

The gene-editing strategy for introducing orthologous human mutations into porcine genome
-----------------------------------------------------------------------------------------

Alzheimer\'s disease (AD) is characterized by increased amyloid β-protein (Aβ) level in amyloid plaques and amyloid angiopathy. Several pathogenic mutations have been found in the amyloid precursor protein (*APP*) gene. The Arctic mutation (p.E693G) was firstly found to cause early-onset AD in a Swedish family and was reported to enhance Aβ protofibril formation.^[@bib17]^ Moreover, the glutamic acid for mutation is highly conserved among different species (**[Figure 1a](#fig1){ref-type="fig"}**). To introduce the orthologous *APP*^E693G^ mutation into the porcine genome, we chose a sgRNA at the porcine *APP* locus whose potential cleavage site is nearest to the intended mutation (**[Figure 1b](#fig1){ref-type="fig"}**,**[c](#fig1){ref-type="fig"}**). A single-strand annealing (SSA) reporter construct containing partially duplicated enhanced green fluorescent protein (EGFP) coding sequences and the sgRNA target site was used to detect the cleavage activity of *APP*-specific sgRNA (**Supplementary Figure S1**). Following the cleavage by Cas9/gRNA and subsequent SSA-mediated repair, the functional EGFP cassette and fluorescence would be restored. The result showed that this sgRNA was capable of making double-strand breaks at the target site (**[Figure 1d](#fig1){ref-type="fig"}**). In previous studies, two kinds of templates have been used for custom endonuclease-mediated HDR. Double-strand plasmid donors were used to incorporate large elements^[@bib18]^whereas ssODNs were often used for short tag insertions and base substitutions.^[@bib14]^ Here, four ssODNs with different length ranging from 60-nt to 150-nt were synthesized (**[Figure 1b](#fig1){ref-type="fig"}**). All ssODN templates harbored one base substitution for the pathogenic mutation and the other two synonymous mutations creating a new *NaeI* site (**[Figure 1c](#fig1){ref-type="fig"}**). We firstly determined the optimal ssODN dosage for robust HDR by electroporating the ssODN into PFFs with different doses. Three days postelectroporation, genomic DNA was extracted and the purified polymerase chain reaction (PCR) products were digested with *NaeI*. The restriction fragment length polymorphism (RFLP) results showed that the 3 μmol/l group exhibited a higher HDR frequency than the 0.5 and 1.5 μmol/l group (**[Figure 2a](#fig2){ref-type="fig"}**). A higher concentration of 5 μmol/l presented no obvious enhancement of the HDR efficiency (**Supplementary Figure S2**). Hence, the dosage of ssODN was fixed on 3 μmol/l in subsequent experiments. To examine the effect of the ssODN length on HDR, different ssODN templates were electroporated into PFFs with the same amount of Cas9/gRNA expression vector. The RFLP analysis revealed that the 120-nt ssODN supported the highest HDR efficiency (more than 10%), whereas further elongation of the ssODN reduced the level of HDR (**[Figure 2b](#fig2){ref-type="fig"}** and **Supplementary Figure S2**). We analyzed the 150-nt ssODN donor via cloning and Sanger sequencing as described previously. No mutation was detected in any of the 27 clones obtained from the control experiment. However, mutations were detected in 11 out of 29 (\~38%) clones harboring the ssODN sequences (**Supplementary Figure S2**), indicating that the errors during ssODN synthesis may account for the lower HDR efficiency. Recently, the RAD51 agonist RS-1 was reported to dramatically enhance dsDNA-mediated HDR.^[@bib19],[@bib20]^ In our case, however, no significant improvement of the HDR efficiency was observed with the treatment of RS-1 (**Supplementary Figure S3**).

We then sought to obtain single-cell colonies carrying the precise Arctic mutation, which would be suitable donor cells of SCNT for generating gene-modified pigs. The PFFs electroporated with the Cas9/gRNA and ssODN were plated via limiting dilution, and single-cell colonies were picked nine days later. A total of 35 colonies were picked among which 29 colonies were recovered. The overall mutation patterns were determined by genotyping each colony (**[Figure 2c](#fig2){ref-type="fig"}**). The whole mutation rate reached 53.4% whereas the HDR accounted for 10.3%, which is consistent with the previous RFLP analysis. Both monoallelic and biallelic HDR colonies were identified by sequencing and RFLP analysis (**[Figure 2d](#fig2){ref-type="fig"}**,**[e](#fig2){ref-type="fig"}**). To sum up, our results demonstrated that the ssODNs could serve as an efficient donor for CRISPR/Cas9-assisted precise point mutations in PFFs.

Oligonucleotide-mediated precise gene editing at the porcine *LRRK2* locus
--------------------------------------------------------------------------

To expand the application of ssODN-mediated seamless gene editing, we decided to introduce a missense pathogenic mutation into the exon41 of porcine *LRRK2* locus. The resultant p.G2018S mutation in porcine LRRK2 protein is orthologous to the pathogenic p.G2019S mutation in human (**[Figure 3a](#fig3){ref-type="fig"}**), which has been widely reported in Parkinson\'s disease patients as one of the most common genetic cause of PD.^[@bib21]^ We designed a sgRNA whose protospacer adjacent motif (PAM) overlapped with the glycine codon for mutation (**[Figure 3b](#fig3){ref-type="fig"}**). A 120-nt ssODN was used as the HDR template in which two point mutations account for the p.G2019S mutation and one synonymous mutation creates a new *FSPI* site (**[Figure 3b](#fig3){ref-type="fig"}**). The Cas9/gRNA plasmid and ssODN were electroporated into PFFs, and the mixed PCR products were sequenced to validate the activity of precise gene editing. The multi-peaks around the potential cutting site revealed the non-homologous end-joining (NHEJ) mutations, whereas the small peaks at the designed site for substitution indicated the HDR events (**Supplementary Figure S4**). After validating the intended gene editing, we performed limited dilution and identified 52 single-cell colonies via sequencing. The total mutation rate was 40.4% in which the HDR efficiency reached 12.5% (**[Figure 3c](#fig3){ref-type="fig"}**). The RFLP analysis also confirmed the introgression of the *FspI* site in monoallelic and biallelic HDR colonies (**[Figure 3d](#fig3){ref-type="fig"}**). Interestingly, in addition to the expected HDR colonies harboring all three point mutations in the ssODN template, we also observed the partial HDR in which only one or two point mutations close to the cutting site were incorporated (**[Figure 3e](#fig3){ref-type="fig"}**). This kind of incomplete HDR or imperfect HDR, which has also been reported by other studies,^[@bib22],[@bib23]^ appears to be dependent on the complex DNA repair processes rather than the errors during ssODN synthesis.

The mutation-to-cut distance affects the incorporation rate of different point mutations
----------------------------------------------------------------------------------------

Myostatin, a member of the TGFβ superfamily, mainly acts as a negative regulator of muscle growth. It has been widely studied since the first observation that myostatin-null mice exhibited a dramatic and widespread increase in skeletal muscle mass.^[@bib24]^ The muscular hypertrophy phenotype was reported in a child harboring the biallelic point mutation in the noncoding region of the *MSTN* gene.^[@bib25]^ Naturally occurred mutations have also been observed in the *MSTN* locus of several double-muscled cattle breeds such as Belgian Blue^[@bib26]^ and Piedmontese.^[@bib27],[@bib28]^ Specially, the c.938G\>A mutation at the Piedmontese *MSTN* locus results in the substitution of a highly conserved cysteine to tyrosine (p.C313Y) in the mature region of the protein. This mutation leads to the distortion of the cysteine knot structure, which is required for active conformation and receptor binding.^[@bib29]^ To further investigate the effect of the mutation-to-cut distance on incorporation rate, we intended to introduce a missense point mutation into the exon3 of porcine *MSTN* locus, mimicking the orthologous p.C313Y mutation observed in Piedmontese (**[Figure 4a](#fig4){ref-type="fig"}**). We designed an ssODN template in which the intended nucleotide T is 11 bp away from the potential cleavage site (**[Figure 4b](#fig4){ref-type="fig"}**). In addition, one silent mutation was introduced right at the expected cutting site to block the recleavage activity of CRISPR/Cas9 (**[Figure 4b](#fig4){ref-type="fig"}**). To explore whether the ssODN could achieve the intended mutation, both the *MSTN*-specific Cas9/gRNA plasmid and the ssODN template were electroporated into PFFs. As expected, the Sanger sequencing of the mixed PCR products revealed intended point mutation characterized by the small T peak beneath the wild-type C peak (**Supplementary Figure S5**). However, the obvious multi-peaks around the potential cutting site suggested that the majority of the edited PFFs were still repaired via NHEJ.

After confirmation of the ssODN-mediated HDR at the porcine *MSTN* locus, we sought to isolate single-cell colonies carrying defined point mutations. Consistent with the case for p.G2019S mutation, we also observed incomplete HDR in which only the blocking mutation was introduced (**[Figure 4c](#fig4){ref-type="fig"}** and **Supplementary Table S4**). To further characterize the incorporation rate of the two point mutations, we performed deep sequencing of the mixed PCR amplicons (**[Figure 5a](#fig5){ref-type="fig"}** and **Supplementary Figure S6**). Indeed, substantial reads carrying only the blocking mutation were detected, indicating that the blocking mutation was incorporated more frequently than the c.938G\>A mutation (**[Figure 5b](#fig5){ref-type="fig"}**,**[c](#fig5){ref-type="fig"}**). Our results, combined with previous studies in human cell lines^[@bib30]^ and mouse zygotes,^[@bib22]^ suggested that the mutation-to-cut distance was a key and universal factor influencing the incorporation rate in mammalian cells. Furthermore, the point mutation near the cutting site exhibited a higher HDR efficiency than the one which is distant from the DSBs. Interestingly, amplicons harboring the c.938G\>A mutation but not the blocking mutation, although in a small proportion, were also detected via deep sequencing (**[Figure 5b](#fig5){ref-type="fig"}**). It is possible that the blocking mutation could not entirely prevent the recutting activity on the HDR alleles so that only the c.938G\>A mutation was preserved. Indeed, the majority of this kind of amplicons contained additional mutations (**[Figure 5d](#fig5){ref-type="fig"}**), which might indicate the NHEJ repair after precise HDR events.

Generation of gene-modified pigs harboring the orthologous point mutation
-------------------------------------------------------------------------

Two colonies carrying the p.C313Y mutation were chosen as the donor cells of SCNT. A total of 930 reconstructed embryos were transferred to four surrogates. One pregnancy was carried to term eventually and gave birth to one stillborn piglet (**[Figure 6a](#fig6){ref-type="fig"}**). As expected, the sequencing result confirmed that the piglet is heterozygous for the intended mutations (**[Figure 6b](#fig6){ref-type="fig"}**), which is consistent with the genotype of the donor cells. To our surprise, the western blot analysis showed significant decrease of myostatin precursor in the cloned pig, indicating the remarkable effect of the heterozygous p.C313Y mutation (**[Figure 6c](#fig6){ref-type="fig"}**). In addition, we screened the *MSTN*-specific Cas9/gRNA plasmid to examine whether these foreign transgenes existed in the genome of the cloned pig. The highly sensitive primers could detect as low as 1 fg plasmid DNAs. However, the correct transgene band was not detected in the mutant pig (**[Figure 6d](#fig6){ref-type="fig"}**), indicating no integration of the targeting vector into the genome during electroporation and subsequent cloning procedure.

The off-target effect has always been a main concern hindering the widespread application of programmable endonucleases. To examine whether off-target mutations occurred in our cloned piglet, 15 potential off-target sites (OTS) were selected from the porcine genome (**Supplementary Figure S7**). Specific primers were designed to amplify the corresponding regions, and the sequencing result showed that no mutation occurred in any OTS (**Supplementary Figure S7**).

Discussion
==========

Here, by optimizing the dosage and length of ssODN donors, we improved the incorporation rate of specific point mutations at porcine *APP* locus. The length of ssODN determines the homology between the template and the target site, which is crucial for HDR. Longer ssODNs can maintain sufficient homology by preventing from exonuclease degradation. However, longer ssODNs are likely to increase the risk of incorrectly synthesized oligonucleotides, and the possible secondary structure can decrease the amount of donor available for HDR.^[@bib31],[@bib32]^ Indeed, we found that the 120-nt ssODN donor presented the highest HDR efficiency, whereas further elongation failed to increase the frequency. Furthermore, substantial mutations detected in the 150-nt ssODN suggest that, at least in this case, the incorrectly synthesized oligonucleotides may reduce the level of HDR. Hence, rationally designing the length of ssODN donors is important for robust HDR.

A previous research showed that a combined use of TALEN and the ssODN templates introduced a point mutation into porcine *MSTN* locus at a frequency of 3%.^[@bib33]^ In the same study, ssODN-mediated modification was also investigated using the CRISPR system. However, the level of HDR induced by 90-nt donors varied significantly between two loci. During preparation of this manuscript, Yang *et al*.^[@bib34]^ reported the generation of genetically humanized pigs via CRISPR-based ssODN-mediated gene editing. Using a 99-nt ssODN donor, they achieved a HDR efficiency of 5.6% by drug selection. Nevertheless, the use of antibiotics has increasingly raised concern about the safety of animal products. In comparison, the total HDR efficiency exceeds 10% for all three loci in our work, indicating the reliability of ssODN-mediated HDR without the use of selection markers.

The transfection efficacy is a basic and important factor affecting the activity of gene editing. Although we previously improved the transfection efficacy of pEGFP-N1 to approximately 90% in PFFs, a larger plasmid such as the Cas9/gRNA constructs used in this study may exhibit a lower efficacy. It was recently reported that increasing the postpulses recovery time massively improved the transfection efficacy of large plasmids in primary cells.^[@bib35]^ Hopefully, this enhancement in transfection efficacy can be an easy way to increase the basic level of CRISPR-mediated genome editing. A few studies reported that the efficiency of Cas9/gRNA-induced HDR was dramatically enhanced by inhibiting key NHEJ pathway proteins.^[@bib36],[@bib37]^ By using a reporter-based screening method, Yu *et al*.^[@bib38]^ identified small molecules enhancing the efficiency of CRISPR-based HDR. It was also reported that the asymmetry^[@bib39]^ and chemical modification^[@bib40]^ of ssODNs could affect the level of HDR. All these strategies should be validated in PFFs to further increase the ssODN-mediated HDR.

Several studies have found that the mutation-to-cut distance plays an important role in ssODN-mediated base substitutions.^[@bib22],[@bib41]^ Here, we conducted the direct efficacy comparison between point mutations with different mutation-to-cut distances. Indeed, we observed a lower incorporation rate for point mutations distal to the cleavage site. Surprisingly, a mutation-to-cut distance of 11 bp caused a significant difference in HDR efficiency between two point mutations, suggesting an even more critical role of the mutation-to-cut distance than expected. Considering the restriction of the PAM motif, the mutation-to-cut distance is likely to be detrimental for CRISPR/Cas9-mediated single base-pair modifications. In this case, different genome editing tools such as other CRISPR systems or Cas9 orthologs with diverse PAM motifs can be used alternatively. Of note, very short homology arm in DNA plasmids could drive efficient site-specific insertions, likely by a MMEJ-based mechanism.^[@bib42]^ It is possible that the incomplete oligonucleotide templates containing very short homology arms were involved in the DNA repair processes. Based on the observations, we here hypothesize that ssODN-mediated HDR occurs through two rounds of annealing as described in yeast,^[@bib43],[@bib44]^ and the central homology arm between point mutations results in the incomplete HDR (**Supplementary Figure S8**). In this model, after resection of the 5\' terminal of the DSB, the 3\' terminal of the ssODN anneals to the homologous region on the 3\' terminal single strand of the DSB. The nonhomologous sequence is clipped away, and DNA synthesis occurs to copy the remaining sequence of the ssODN donor. The second annealing then takes place between the newly synthesized sequence and the other 3\' end of the DSB after removal of the ssODN. Similarly, following clipping the nonhomologous region, gap filling and ligation, the repair is completed. In the case of a short mutation-to-cut distance, the distal homology arm predominates, and the DNA repair processes are prone to the complete HDR. In contrast, when a long mutation-to-cut distance exists, the central homology arm predominates and the incomplete HDR occurs. Of note, the exonuclease degradation may create truncated ssODN donors. In this situation, although the repair event is complete in terms of the donor used, the resultant allele contained only partial point mutations (**Supplementary Figure S8**). According to our hypothesis, adequate elongation or chemical modification of the ssODN may increase the level of complete HDR by preserving the distal homology arms.^[@bib39],[@bib40]^

The effect of different mutations on myostatin expression is somewhat complex. A previous study reported that the expression of myostatin varies dramatically in mutant single-cell colonies. The monoallelic mutation in one colony leads to a higher level of expression where the mutant protein was predicted to induce the negative feedback regulation of myostatin expression.^[@bib45]^ However, the monoallelic *MSTN* mutation in Meishan pigs resulted in a decreased level of expression.^[@bib46]^ In our case, we speculated that the mutant protein binds to the wild-type myostatin as a dominant negative mutant, and the resultant multimers are prone to the intrinsic protein degradation pathway. The mechanism underlying the unusual expression resulting from different myostatin mutations needs to be studied further.

Early studies^[@bib47],[@bib48]^ indicated that CRISPR/Cas9 showed a low specificity in human cell lines. However, recent studies^[@bib49],[@bib50]^ using the whole-genome sequencing suggested that rare off-target mutations occurred in Cas9-modified pluripotent stem cells and mice. These distinct observations may result from the following two factors: (i) different off-target sites chosen for detection since the off-target effect is site-dependent, (ii) differences in chromatin structure and epigenomic landscape between cell types. Hence, a more comprehensive and systematic evaluation of the specificity profile is still required for its further application in disease modeling and gene therapy. In this study, we assessed the off-target activity in the cloned piglet by screening 15 potential off-target sites and no mutation was detected. We cannot rule out potential off-target mutagenesis since the genome-wide analysis was not performed, however, the risk of embryonic lethality resulting from potential off-target mutagenesis can be reduced by mixing several positive colonies during SCNT. Of note, cell injury in SCNT and abnormal reprogramming may also cause embryonic lethality. Considering that only one piglet was delivered, it is hard to conclude whether the off-target mutations should account for the death. Nevertheless, the reliable HDR efficiency achieved in this work allows efficient isolation of positive colonies. We believe that live-born edited piglets can be generated by performing more SCNT and embryo transfer experiments.

In conclusion, we have demonstrated that the ssODNs could serve as an efficient HDR donor at Cas9-induced DSBs in PFFs. Pathogenic point mutations were efficiently incorporated into different loci of the porcine genome at a frequency of more than 10%. Both complete and incomplete HDR were found in single-cell colonies. The mutation-to-cut effect caused a remarkable difference in HDR efficiency between two point mutations, thus providing a valuable reference for ssODN-mediated gene editing. Finally, we generated one cloned piglet harboring the p.C313Y mutation at *MSTN* locus via SCNT. Our work expands the application of CRISPR in a more precise manner by oligonucleotide-based introgression of intended point mutations, thus holding great promise for custom disease modeling and precision medicine.

Materials and methods
=====================

*Ethics statement.* All animal studies were approved by the Animal Welfare and Research Ethics Committee at Jilin University, and all procedures were conducted strictly in accordance with the Guide for the Care and Use of Laboratory Animals. All surgeries were performed under anesthesia, and every effort was made to minimize animal suffering.

*CRISPR/Cas9 construction and HDR template.* The pX330-U6-Chimeric_BB-CBh-hSpCas9 was a gift from Feng Zhang^[@bib51]^ (Addgene plasmid \# 42230). Two complementary oligonucleotides with appropriate adaptors were synthesized and then annealed in standard Taq buffer (NEB, Beijing, China). The resultant double-strand DNA was ligated to the BbsI sites of the vector backbone to form the intact targeting plasmid. The single-strand oligonucleotides used for HDR were synthesized and purified through PAGE (GENEWIZ, Suzhou, China). The detailed sequences were provided in **Supplementary Table S2**.

*Cell culture.* PEFs were derived from 33-day-old Large White fetuses. The fetal bodies without heads, tails, limbs, and viscera were cut into small pieces. Then they were disaggregated in the culture medium containing 200 U/ml collagenase IV (type IV, 260 U/mg, Gibco, Grand Island, NY), 0.0125 mg/ml DNase I (2,000 U/mg, Sigma, St. Louis, MO), 20% fetal bovine serum (Gibco, Grand Island, NY) and 1% penicillin/streptomycin (Gibco) for 4--6 hours. Isolated PFFs were then resuspended and cultured in 10-cm cell culture dishes until sub-confluence. Cells at passage 1 were frozen in fetal bovine serum containing 10% dimethylsulfoxide. The isolated PFFs were cultured in Dulbecco\'s modified Eagle\'s medium (Gibco) supplemented with 10% fetal bovine serum. The RAD51-stimulatory compound RS-1 (Sigma) was added to the culture media from 10 mmol/l stock solutions in dimethyl sulfoxide.

*PFF transfection and selection.* Approximately 3 × 10^6^ PFFs were electroporated with 35 μg Cas9/gRNA targeting vector and ssODN template in the context of 250 μl Opti-MEM (Gibco) using BTX ECM 2001 (Harvard Bioscience, Holliston, MA). The electroporation parameters for 2 mm gap cuvettes were described previously.^[@bib12]^ To explore ssODN-mediated HDR, the electroporated PFFs were cultured at 37.0 °C for 72 hours and then trypsinized for genomic extraction. Target regions were PCR amplified using the following parameters: 94 °C for 3 minutes; 94 °C for 15 seconds, 62 °C for 10 seconds, 68 °C for 15 seconds, for 30 cycles; 68 °C for 5 minutes (**Supplementary Table S1**).

For no dug selection of sing cell colonies, the electroporated PFFs were plated into 10-cm cell culture dishes at an appropriated density after 3 days of culture. Individual cell colonies were picked and cultured in 24-well plates for recovery. A small part of each colony was lysed to provide templates for genotyping. The target regions surrounding intended point mutations were amplified and then sequenced. Amplicons with multi-peaks were cloned into the pLB vector (Tiangen, Beijing, China) to determine the exact sequence for each allele.

*SSA assay to detect the activity of Cas9/gRNA construct.* The EGFP-SSA reporter was constructed by our laboratory. Briefly, the multiple cloning site (MCS) was inserted between two EGFP elements containing 191 bp homology sequences. The short PCR product flanking the sgRNA target site was cloned to the MCS of EGFP-SSA reporter by *HindIII* and *BamHI.* To perform the SSA assay, 20 μg *APP*-specific Cas9/gRNA targeting vector and 20 μg SSA reporter were coelectroporated into 3 × 10^6^ PFFs. The Cas9/gRNA vector with a scramble target site was used as the negative control. The expression of restored EGFP was measured by fluorescence microscope and flow cytometry 72 hours later.

*Analysis of HDR efficiency via RFLP.* Editing efficiency was monitored by restriction enzyme digestion. Briefly, edited cells were harvested 3 days postelectroporation and the genomic DNA was extracted using a TIANamp Genomic DNA Kit (Tiangen, Beijing, China). The target regions were PCR amplified using the following parameters: 94 °C for 5 minutes, 35 cycles of 94 °C for 30 seconds, 62 °C for 30 seconds and 72 °C for 35 seconds, and one cycle of 72 °C for 5 minutes. Approximately 250 ng of purified PCR products were digested with NaeI or FspI in CutSmart Buffer (NEB, Beijing, China). After 2 hours of incubation at 37 °C, the product was resolved on a 1.5% agarose gel stained with ethidium bromide. Gel images were analyzed using Quantity One (Bio-Rad, Hercules, CA). The frequency of HDR was calculated using the following equation (b + c / a+ b + c) × 100, where "a" is the band intensity of DNA substrate while "b" and "c" are the band intensity of cleavage products.

*Deep sequencing analysis of the ssODN-mediated HDR.* DNA libraries were prepared from the PCR products amplified by a Fast HiFidelity PCR Kit (Tiangen, Beijing, China). The final quality-ensured libraries were sequenced on Illumina Hiseq 2500 for 150 bp pair-end reads (Biomarker Technologies, Beijing, China). The raw sequencing reads were filtered to remove low-quality reads with the following criteria: (i) reads with adaptors; (ii) reads with more than 10% N bases; (iii) reads with more than 50% Q\<10 bases (those with a sequencing quality value less than 10). Trimmed reads were aligned with the 185 bp reference sequence and finally analyzed to identify indels, HDR or other types of mutations.

*Somatic cell nuclear transfer and piglet genotyping.* Positive colonies harboring the intended HDR alleles were selected as donor cells of SCNT, which was mainly carried out in accordance with Lai *et al*.^[@bib1],[@bib8]^ Briefly, cumulus oocyte complexes were matured at 39.0 °C for 40 hours in the maturation medium after removing the follicles. Then the first polar body was aspirated from mature oocytes by a fine glass pipette. At last, the donor cells were fused with enucleated oocytes using a BTX electrofusion equipment. The reconstructed embryos were then cultured for approximately 16 hours before transferring into the synchronized recipient pigs. The pregnancy was monitored by ultrasonography 35 days later and the cloned piglet was delivered by eutocia.

The genomic DNA extracted from the tail was analyzed via PCR and subsequent sequencing. The PCR amplicons were also ligated to the pLB vector to confirm the precise sequence of both alleles.

*Western blotting analysis.* Frozen muscle samples were ground and then resolved in the lysis buffer. The resultant protein samples were quantified by a BCA protein assay kit (Beyotime, Haimen, China). The proteins were then separated by SDS-PAGE before transferring to the nitrocellulose membrane. The blots were incubated with a primary antibody against myostatin (sc-6884, Santa Cruz Biotech, Santa Cruz, CA), washed, and then incubated with a horseradish peroxidase-labelled anti-goat secondary antibody. The bands were detected with an ECL-Plus western blotting reagent (Beyotime, Haimen, China).

*Detection of transgene in the cloned pig.* Primers for the amplification of the *MSTN*-specific Cas9/gRNA plasmid were designed, and genomic PCR was performed using the following parameters: 94 °C for 5 minutes, 35 cycles of 94 °C for 30 seconds, 62 °C for 30 seconds and 72 °C for 25 seconds, and one cycle of 72 °C for 5 minutes. To prepare the positive control, *MSTN*-specific Cas9/gRNA vector was diluted in a series of 10 fold from 100 ag to 100 pg. Genomic DNA from the wild-type Large White was used as a negative control.

*Off-target analysis.* Potential off-target sites were predicted by scanning the porcine genome according to previous experience.^[@bib52],[@bib53]^ The genomic DNA of the cloned piglet was assessed for mutagenesis at these off-target sites using PCR and sequencing. The PCR parameters were 94 °C for 3 minutes; 94 °C for 15 seconds, 60 °C for 10 seconds, 68 °C for 15 seconds, for 30 cycles; 68 °C for 5 minutes. Primers for off-target analysis were listed in **Supplementary Table S3**.

[**SUPPLEMENTARY MATERIAL**](#sup1){ref-type="supplementary-material"} **Figure S1.** Schematic representation of the SSA-EGFP reporter. **Figure S2.** Further increase in the concentration or length of the ssODN failed to improve the level of HDR at the *APP* locus. **Figure S3.** No obvious improvement of the HDR efficiency was observed with the treatment of RS-1. **Figure S4.** Confirmation of the p.G2019S mutation in mixed PFFs. **Figure S5.** Confirmation of the p.C313Y mutation in mixed PFFs. **Figure S6.** Most frequent indel amplicons detected by deep sequencing. **Figure S7.** Detection of Cas9-induced off-target mutagenesis in the cloned piglet. **Figure S8.** Hypothesis of the incomplete HDR based on a two SSA model. **Table S1.** Sequence of primers used in this study. **Table S2.** Sequence of ssODN donors used in this study. **Table S3.** Primers for PCR amplification of the off-target sites. **Table S4.** Summary of HDR alleles with different point mutations.
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![**Targeting strategy for introducing orthologous human mutations into porcine genome**. (**a**) The target amino acid for mutation are highly conserved among different species. The green box indicates the target amino acid. (**b**) Schematic representation of the targeting strategy. Four ssODN donors with different lengths of homology arms were designed. All ssODN templates harbor three point mutations. The red square indicates the mutation for p.E693G, whereas two synonymous mutations creating a *NaeI* site are shown in yellow. (**c**) Sequence comparison of porcine *APP* exon 17 with the ssODN donor. The sgRNA and PAM are shown in red, and the blue box indicates the glutamic acid bases for mutation. The lowercase bases in the ssODN indicate targeted mutations, while the new *NaeI* restriction site is underlined. The potential cleavage site is indicated by an arrowhead. (**d**) Functional validation of Cas9/gRNA by the single-strand annealing (SSA) assay. The EGFP-SSA reporter was cotransfected with the *APP*-specific Cas9/gRNA vector or the control Cas9/gRNA vector. The expression of EGFP was detected by fluorescence microscope and flow cytometry (scale bar = 1,000 μm).](mtna2016101f1){#fig1}

![**CRISPR/Cas9-based ssODN-mediated knockin of point mutations at porcine *APP* locus**. (**a**) The 120-nt ssODN donor was transfected into porcine fetal fibroblasts (PFFs) with different doses to determine the optimal dosage for homology-directed repair (HDR). (**b**) Four ssODN donors with different lengths of homology arms were transfected into PFFs. The level of HDR was analyzed by the RFLP assay and is shown at the bottom of each gel. The electroporation was performed in biological duplicate. (**c**) PFF colonies derived from one single cell were isolated by the limiting dilution method. The mutation patterns (NHEJ, HDR, or no editing) for all colonies were shown. (**d**) RFLP analysis of colonies harboring monoallelic or biallelic HDR alleles. Purified PCR products encompassing the target regions were digested with *NaeI*. (**e**) Sequencing chromatogram of representative HDR colonies. The Cas9 cleavage sites were marked with red arrowheads. The green triangles indicate the mutation for p.E693G, while black triangles indicate the synonymous mutations.](mtna2016101f2){#fig2}

![**Efficient incorporation of pathogenic human mutations at porcine *LRRK2* locus**. (**a**) The conserved glycine for mutation in LRRK2 protein of different species. (**b**) Sequence comparison of porcine *LRRK2* exon 17 with the corresponding ssODN donor. The glycine bases are labeled with a blue open box, whereas the sgRNA and PAM are shown in red. Three point mutations are indicated by lowercase letters and the *FspI* restriction site is underlined. (**c**) Mutation patterns of 52 single-cell colonies were determined by Sanger sequencing. (**d**) Representative colonies carrying monoallelic or biallelic homology-directed repair (HDR) alleles were confirmed by RFLP assay. (**e**) Sequencing chromatogram of representative colonies harboring incomplete or complete HDR alleles. Colony \#41, \#22 and \#47 contain one, two and three designed point mutations, respectively.](mtna2016101f3){#fig3}

![**Incomplete homology-directed repair (HDR) during the introgression of *MSTN* p.C313Y mutation**. (**a**) The targeting strategy for introducing the p.C313Y mutation into porcine *MSTN* locus. The *MSTN* allele of Piedmontese and Large White are shown. The corresponding amino acid sequences are listed below where the p.C313Y mutation is highlighted in blue. (**b**) A schematic illustration showing the location of the sgRNA and ssODN. The nucleotide T in blue is responsible for the p.C313Y mutation, while the nucleotide A in red is the silent mutation preventing the recleavage activity on HDR alleles. (**c**) Genotype and sequencing chromatogram of representative colonies harboring WT allele, incomplete HDR allele or complete HDR allele. The arrowhead indicates the cleavage site of Cas9.](mtna2016101f4){#fig4}

![**The effect of mutation-to-cut distance on incorporation rate of point mutations**. (**a**) *MSTN*-specific Cas9/gRNA and ssODN donor were transfected into porcine fetal fibroblasts. Deep sequencing was performed to analyze the mutation patterns of mixed PCR amplicons. (**b**) All homology-directed repair (HDR) amplicons were classified according to different point mutations. Substantial reads carried only the blocking mutation but not the c.938G\>A mutation. (**c**) Incorporation rate of the c.938G\>A mutation was significantly lower than that of the blocking mutation (error bars show mean ± standard error of the mean). Statistical analysis was performed using two-tailed Student\'s *t*-test. (**d**) Distribution of precise and imprecise reads for three kinds of HDR amplicons. Different from other kinds of HDR amplicons, the HDR amplicons carrying only the c.938G\>A mutation often contained additional mutations.](mtna2016101f5){#fig5}

![**Generation of gene-modified pigs harboring the orthologous point mutation via SCNT**. (**a**) Photograph of the newborn piglet. (**b**) Genotype of the piglet was determined by Sanger sequencing. One allele harbors the intended point mutations while the other remains wild-type. (**c**) The expression level of myostatin in the cloned piglet was analyzed by western blotting. (**d**) Detection of Cas9/gRNA construct in the cloned piglet by genomic PCR. *MSTN*-specific Cas9/gRNA expression vector was used as the positive control. The genomic DNA of wild-type Large White was used as the negative control.](mtna2016101f6){#fig6}
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